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Within the covariant density functional theory of hypernuclear matter we build a series of equations of state
for hypernuclear compact stars, by calibrating the coupling constants of the Ξ-hyperon to the experimental
binding energy of the single-Ξ hypernuclei 15Ξ−C and
12
Ξ−Be. Coupling constants of the Λ-hyperon to nucleons
have been calibrated on a vast collection of experimental data on single Λ-hypernuclei and we employ those
values. Uncertainties on the couplings of the Σ-hyperon to nuclear matter, due to lack of experimental data,
are accounted for by allowing for a wide variation of the well depth of Σ at rest in symmetric saturated nuclear
matter. To account for uncertainties in the nucleonic sector at densities much larger than n0, a rich collection
of parametrizations is employed, some of them in agreement with existing constraints from nuclear physics and
astrophysics. Neutron star properties are investigated with all these calibrated equations of state. The effects of
the presence of hyperons on the radius, on the tidal deformability, on the moment of inertia, and on the nucleonic
direct Urca process are discussed. The sensitivity of the hyperonic direct Urca processes to uncertainties in
the nucleonic and hyperonic sectors is also addressed. It is shown that the relative variations of the radius,
tidal deformability and moment of inertia from the values that characterize purely nucleonic stars are linearly
correlated with the strangeness fraction. The maximum radius deviation, obtained for most massive neutron
stars, is ≈ 10%. The reduction of the maximum mass, triggered by nucleation of strangeness, is estimated at
≈ 15−20%, out of which 5% comes from insufficient information on the Σ-hyperon interactions. A total of 44
calibrated hyperonic equations of state are published as Supplemental Material.
I. INTRODUCTION
The recent detection of gravitational waves emitted dur-
ing the inspiral phase of a neutron star-neutron star merger
GW170817 [1] together with the following up electromag-
netic signal opened a new door to the study of neutron stars
(NS) [2]. NSs have been acknowledged since long ago to
be perfect test grounds of cold and dense baryonic matter,
with thermodynamic conditions complementary to those pro-
duced in terrestrial laboratories. In the innermost shells non-
nucleonic degrees of freedom such as hyperons and kaon or
pion condensates or a quark gluon plasma have been predicted
to exist [3] in addition to or instead of the nucleonic ones. Un-
derstanding the way in which these ”exotic” degrees of free-
dom affect the structure and evolution of NS ultimately allows
one to confirm or, on the contrary, rule out their presence. In-
formation thus implicitly gained on the so far insufficiently
constrained interaction potentials makes NSs a promising re-
search field for nuclear physics.
The major source of uncertainties that affect NSs comes
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from the nucleonic sector, which dominates in all but pure
quark stars and whose behavior at densities much larger than
the saturation density of symmetric nuclear matter (n0) and
high isospin asymmetry remains poorly known, despite in-
tense theoretical and experimental effort. To account for this
state of facts NS studies typically allow for the widest collec-
tion of equations of state (EoS) compatible with constraints
from nuclear physics experiments, ab initio calculations and
astrophysical observations. In the present work we adopt the
same strategy. Additional sources of uncertainties are related
to the above-mentioned ”exotic” species. They are less seri-
ous than the ones in the first category, as only NSs with masses
exceeding the threshold value for nucleation of those species
are affected. Some of the first new degrees of freedom that
are expected to be populated are the hyperons, which make
the object of our present study. Another possibility is the ∆
resonance [3] which has recently been investigated by several
authors [4–7], but which is not considered in the present study.
With the aim of building EoS as realistic as possible,
we continue the work started in Refs. [8–10], where the
Λ-nucleon and Λ−Λ interaction potentials have been con-
strained based on a vast collection of experimental data on
single- and double-Λ nuclei, by constraining the Ξ-nucleon
potentials on experimental data on single-Ξ nuclei. As in
Refs. [8–10], we calculate the binding energies of nuclei
with variable number of nucleons and one hyperon by solv-
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2ing the Dirac equations of the nucleons and the hyperon ob-
tained from the assumed Lagrangian density. The coupling
constants between the Ξ and the scalar σ meson are be tuned
on the binding energy of 15Ξ−C, measured by the KEK-E373 ex-
periment [11]. The thus obtained EoS are called calibrated, as
they comply with the maximum available experimental infor-
mation. The third hyperonic species expected to nucleate in
NS cores is Σ. Experimental data on strong-interaction level
shifts, widths and yields collected from Σ− atoms and inclu-
sive (pi−,K+) spectra on medium to heavy targets indicate a
repulsive ΣN potential. According to Refs. [12–16], these
data are compatible with a wide range of the well depth of Σs
at rest in saturated symmetric nuclear matter, 10 <∼U (N)Σ <∼ 50
MeV. Theoretical studies performed within the chiral effective
field theory support the repulsive character of U (N)Σ , though the
magnitude is estimated to lesser values ≈ 15 MeV [17]. Not
being able to constrain the couplings of the Σ-hyperon, we in-
vestigate how the uncertainties that affect U (N)Σ impact the NS
properties. Special attention is given to the chemical compo-
sition of NS, particularly sensitive to negatively charged parti-
cles and susceptible to being indirectly determined from NSs’
thermal evolution. Notable effects are expected to occur for
the less repulsive potentials, which favor earlier onset of Σs.
This expectation relies on the fact that, as soon as they appear,
any negatively charged particles partially replace the electrons
in the net charge neutrality equation and, consequently, al-
ter the β -equilibrium conditions which determine the relative
abundances. In extreme scenarios, also the threshold of nucle-
onic dUrca may be affected.
The first high-precision measurement of a massive pul-
sar mass, corresponding to PSR J1614− 2230 [18, 19] with
M = 1.908± 0.016M, (in the following masses are given
with a precision at the 1-σ level that a 68%.3 confidence level)
challenged the nuclear physics community on whether two
solar mass NSs can accommodate non-nucleonic degrees of
freedom [18, 20]. The particular case of the onset of hyper-
ons, commonly known as the hyperon(ization) puzzle, was
addressed at length in Ref. [21], where several scenarios that
reconcile large masses and hyperonic degrees of freedom have
been identified. They include i) a sufficiently hard nucleonic
EoS and ii) going beyond the simple SU(6) symmetry ansatz
to fix the vector meson couplings [22–28]. Other massive pul-
sars have been detected in the meanwhile, in particular the
pulsars PSR J0348+ 0432 [29], with a mass 2.01± 0.04M,
and the millisecond pulsar MSP J0740+6620 [30], with a mass
2.14+0.10−0.09M. It is worthwhile to note that massive NSs can
be theoretically obtained also by assuming a deconfinement
phase transition to quark matter [31–42]. In the present paper
we add some more information to the issue and study, within
a relativistic mean-field (RMF) approach with model param-
eters fitted to experimental data, under which conditions NS
cores do accommodate hyperons and how these extra parti-
cle degrees of freedom modify NSs’ geometric and chemical
properties. The extent to which one may learn information
on chemical composition from thermal evolution is addressed
elsewhere.
The paper is organized as follows. Section II presents the
nucleonic EoSs on which our hyperonic EoSs are built and
the way in which Ξ-meson coupling constants are determined
from experimental Ξ-hypernuclei data. Physical (maximum
mass and radius, tidal deformability and moment of inertia
versus gravitational mass) and chemical properties of hyper-
nuclear compact stars built upon our set of calibrated EoSs are
discussed in Sec. III. Special attention is given to the uncer-
tainties related to the Σ potential. The conclusions are drawn
in Sec. IV.
II. EQUATIONS OF STATE
In the following we define the set of EoSs that we choose to
perform our study. The parametrizations employed to describe
the nucleonic sector are introduced in Sec. II A. The way in
which experimental data on hypernuclei are used to calibrate
the hyperon-meson coupling constants is detailed in Sec. II B.
A. Nucleonic EoS
The phenomenological EoS considered in our study have
been obtained in the framework of RMF. In this category of
models the nucleons interact among each others by exchang-
ing scalar-isoscalar (σ ), vector-isoscalar (ω), vector-isovector
(ρ) and, in more sophisticated cases (not considered here) also
vector-isoscalar (δ ) mesons. For a general review of these
types of models, see Ref. [43]. The chosen models fall into
two classes: a) models with constant couplings and nonlin-
ear meson terms, generically called NL models and b) mod-
els with density dependent couplings, generically called DD
models. We recall that the nonlinear meson terms have been
introduced in order to correctly describe the properties of sym-
metric saturated nuclear matter, when the coupling constants
do not depend on density.
We presently consider the set of models discussed in Ref.
[10]. It consists of the NL models: FSU2 [44], FSU2H and
FSU2R [45, 46], NL3 [47], NL3ωρ [48, 49], TM1 [50],
TM1ωρ [48, 51, 52], TM1-2 and TM1-2ωρ [51], and the DD
models DD2 [53] and DDME2 [54].
From the astrophysical point of view, the common feature
of all these models is the ability to provide NS masses in ex-
cess to 2M stars. In regards to the incompressibility param-
eter of symmetric nuclear matter at saturation, K∞, they span
values between 238 MeV (FSU, FSU2R, FSU2H) and 281.2
(TM1, TM1ωρ , TM1-2, TM1-2ωρ), with DD2, DDME2
and NL3 and NL3ωρ having intermediate values as follows:
242.7, 250.9 and, respectively, 271.5 MeV. As is frequent for
RMF models, these values are larger than the generally ac-
cepted constraints coming from isoscalar giant monopole and
dipole resonances in nuclei, 240±20 MeV [55], or, the more
recently, 211.9±24.5 MeV [56].
In regards to the isovector channel, they fall into two
classes. i) models with moderate values of the slope of the
symmetry energy at saturation, which thus comply with a
compilation of constraints coming from experimental nuclear
physics, ab initio calculations of pure neutron matter and
3astrophysical observations and are customarily expressed as
40 <∼ L <∼ 62 MeV [57] or 30 <∼ L <∼ 86 MeV [58]. They
are: FSU2H, FSU2R, NL3ωρ , TM1ωρ , TM1-2ωρ , DD2 and
DDME2. These models have L in the range 44-55 MeV; ii)
models with high values of the slope of the symmetry energy
at saturation, L >∼ 100 MeV. They are: FSU2, NL3, TM1,
TM1-2 with values of L in the range 108-119 MeV. For all
these models a table with the corresponding slope values and
also other nuclear matter saturation properties can be found in
Ref. [10]. At this point we recall that large values of L are still
compatible with the Lead Radius Experiment (“PREX”) [59],
and recent analysis of elliptic flow in heavy ion collisions [60].
The models in the second class are mainly kept for the sake
of completeness and because some of the models in the first
class have been derived from them by introducing additional
meson couplings. It should be pointed out that although most
of the models that we consider predict well-accepted nuclear
matter properties at saturation density they are not constrained
at high densities, except for the fact that they have to also pre-
dict two solar mass stars. The same is true for the hyperonic
models which are constrained by properties defined at satu-
ration density. Besides, another source of uncertainty is the
density dependence of the hyperonic couplings in the density
dependent hyperonic models, which has been considered to
behave as the respective nucleonic couplings.
B. Hyperonic EoS with calibrated meson couplings
The starting point of the meson-exchange RMF model for
hypernuclei is the covariant Lagrangian density,
L =LN +LY +LM,
where LN , LY and LM respectively stand for the nucleonic,
hyperonic and purely mesonic components. In addition to the
couplings accounted for when describing infinite nuclear mat-
ter - and listed in Sec II A -, in the case of (hyper)nuclei LN
additionally contains couplings with the photon field Aµ . For
details, see Ref. [43]. The hyperonic term of Lagrangian den-
sity is given by
LY = Ψ¯Y
[
γµD
µ
Y −m∗Y +
fωY
2mY
σµν∂νωµ
]
ΨY , (1)
with
DµY = i∂
µ −gωYωµ −gρY τY ·ρ µ − eτY,3−12 A
µ , (2)
where m∗Y = mY − gσYσ stands for the Dirac effective mass,
e is the elementary electric charge, τY is the isospin operator,
ωµ and ρ µ are the fields associated to theω and ρ mesons and
ΨY is the Y -hyperon field. gσY , gωY and gρY correspond to
the coupling constants of the various meson fields with the Y -
hyperon. The third term in eq. (1), proportional to fωY/2MY ,
represents the tensor coupling between the Y hyperon with the
ω field. It impacts the spin-orbit splitting and, in principle,
can be determined from spectroscopic data. The last term in
Eq. (2), proportional to e, describes the interaction of the Y -
hyperon with the Coulomb field and is meaningful for charged
hyperons only.
Note that the σ∗ and φ -mesons were not included in Eq. (2)
since, for the case of Ξ-hyperon of interest here, there are no
experimental data that could be exploited in order to fix them.
We do, however, include the φ -meson in the next section, de-
voted to the EoS of stellar matter. In that case the coupling
is determined based on SU(6) flavor symmetry arguments:
gφΛ = −
√
2/3gωN , gφΣ = −
√
2/3gωN , gφΞ = −2
√
2/3gωN
and gφN = 0. This contribution brings repulsion to the inter-
action and, given that we do not include the σ∗-meson, this
interaction might be overestimated.
Once the coupling constants are given, the single particle
Dirac equations for baryons and the Klein-Gordon equations
for mesons and photon are obtained in the mean-field approx-
imation by the variational method [61–63]. The numerical
procedure in order to solve the Dirac and Klein-Gordon vari-
ational equations consists in expanding both the meson fields
and the baryon single-particle Dirac wave functions in terms
of a spherical harmonic oscillator basis. Thus, one has to
solve a self-consistent system of nonlinear matrix equations.
In the case of the electromagnetic field the Poisson equation
is solved directly by using the associated Green’s function
since the basis expansion method is very slowly convergent.
As the translational symmetry is broken in the mean-field ap-
proximation, the result has to be corrected for the center of
mass motion. The correction is more important for light sys-
tems. As in Refs. [8, 9], we adopt the microscopic expression
EC.M. =−〈Pˆ2〉/2M, where M =∑B MB is the total mass of the
hypernucleus and Pˆ= ∑B PˆB is the total momentum operator.
The binding energy of the hyperon Y in a nucleus with An
neutrons, Ap protons and AY hyperons is given by the differ-
ence between the energies of that hypernucleus and the hyper-
nucleus with AY − 1 hyperons. Note that removal of charged
hyperons, as Ξ− of interest here, implies modification of the
number of protons.
Experimental data on hypernuclei binding energy may be
used in order to calibrate the interaction between the hyperon
and the scalar meson fields [61, 64–67]. The issue was most
recently addressed by Fortin et al. [8, 9], who accounted for
a vast collection of experimental data on single-Λ hypernuclei
in s and p shells and effective nucleonic interactions. These
authors have thus confirmed that binding energies are directly
related to the well depth of the hyperon at rest in symmet-
ric nuclear matter, as customarily assumed in the literature
merely based on heuristic arguments, and that, once the flavor
symmetry model is fixed, the value of the hyperon coupling
constant represents a fixed fraction of the coupling gσN . In
the present work we use the gσΛ coupling constants obtained
in Refs. [8, 9].
So far experimental data exist only for two light Ξ−-
hypernuclei: 12Ξ−Be and
15
Ξ−C. The former was produced in
(K−,K+) reactions on a 12C target [68]. The second, known
as the Kiso event [11], corresponds to an intermediate state
in the reaction Ξ−+14 N→15Ξ− C→10Λ Be +5Λ He. Both sets
of data indicate an attractive NΞ interaction and bound Ξ-
hypernuclei. See also the recent results in Ref. [69]
4Indeed, double differential cross section for 12Ξ Be produc-
tion was found to be compatible with a Ξ-nucleus potential
well depth of about 14 MeV, within the Woods-Saxon pre-
scription [68]. In regards to the binding energy of Ξ− in
12
Ξ−Be, estimations performed within the cluster model [70]
and the coupled-channels antisymmetrized molecular dynam-
ics approach [71] provide values between 3 and 5.5 MeV. As
expected, these values depend on the NΞ interaction. When
this interaction is adjusted such as to give a value consistent
with the experimental spectrum in Ref. [68], as has been done
in Ref. [70], the binding energy is of ≈ 5 MeV.
The interpretation of the Kiso event is more problematic,
for the final state of the daughter nucleus 10Λ Be was not un-
ambiguously identified. Typically two scenarios are assumed
for dealing with data: a) In the first case it is assumed that
10
Λ Be is in its ground state. Then,
15
Ξ−C is considered to be in
the state 14N(g.s.)+Ξ−(1s). b) In the second scenario 10Λ Be
is assumed to be produced in an excited state. If this is the
case, 15Ξ−C corresponds to the state
14N(g.s.)+Ξ−(1p). The
binding energy of Ξ−, BΞ− = E(15Ξ C)−E(14N), has different
values in cases a) and b). The maximum value corresponds to
the case a) and amounts to 4.38±0.25 MeV. The lower limit,
of 1.11±0.25 MeV, corresponds to the second excited state of
10
Λ Be with an excitation energy of 3.2 MeV, as calculated by
different models [72, 73]. Note that the energy spectrum of
10
Λ Be were recently investigated using (e,e
′K+) reactions by
Gogami et al. [74], who found that the first excited state lies at
≈ 2.7 MeV. The two scenarios together with their compatibil-
ity with the information obtained for the binding energy of Ξ
in 12Ξ−Be have been investigated in Ref. [63], within RMF and
Skyrme-Hartree-Fock approaches. The conclusion reached by
Sun et al. [63] is that the most plausible interpretation is the
one corresponding to 14N(g.s.)+Ξ−(1p).
In order to constrain the couplings of the σ meson to Ξ-
hyperon we employ the procedure described in Refs. [8, 9]
and experimental data corresponding to 15Ξ−C [11]. We alterna-
tively assume that 15Ξ−C corresponds to the
14N(g.s.)+Ξ−(1s)
and, respectively, 14N(g.s.)+Ξ−(1p) states. In both cases we
calculate also 12Ξ−Be and compare with data in Ref. [68].
Other coupling constants are fixed as follows. For the cou-
pling between the Ξ and the ω-meson, we use the SU(6) value
gωΞ = 2/3gωN . For the coupling between the Ξ and the ρ-
meson, we assume gρΞ = gρN . In DD models, we suppose
the same density dependence for hyperon- and nucleon-meson
couplings. Let us recall that other calibration constraints have
been employed in older works, as proposed in Ref. [75], or
more recent works [26]. Finally, in order to get a weaker
interaction between Ξ and the nuclear spin orbit, the tensor
coupling is included as in Refs. [63, 67], with fωΞ = 0.4gωN .
Since 15Ξ C is constituted by a symmetric nucleus
14
7 N, with
isospin 0, and a Ξ-hyperon, which has nonzero isospin, the
ρ-meson field is finite due to the self-interaction of the Ξ with
itself. To remove this spurious contribution, we follow the
procedure proposed in Refs. [63, 67]. It consists in perform-
ing two calculations of the hypernucleus energy. 1) In the first
one, the coupling of the ρ-meson to the nucleons is put to 0
while the coupling of the ρ-meson to the Ξ-hyperon is kept
fixed. The corresponding energy is E(gρN = 0,gρΞ). 2) In the
second case, the coupling constants of the ρ-meson to both
nucleons and Ξ-hyperon are put to 0. The corresponding en-
ergy is E(gρN = 0,gρΞ = 0). The spurious energy is given
by Esp = E(gρN = 0,gρΞ)−E(gρN = 0,gρΞ = 0) and can be
straightforwardly removed from the full calculation. We em-
ploy this procedure to correct the energies of both 15Ξ C and
12
Ξ Be.
The values of the coupling constant gσΞ, expressed as the
fraction xsΞ = gσΞ/gσN , obtained from the fit of the binding
energy of the Ξ-hyperon in the 15Ξ C hypernucleus are given in
Table I. Different effective nucleon interactions, introduced in
Sec. II A, are considered. The two scenarios which assume
that Ξ− occupies the 1s or, alternatively, the 1p state of 14N
are considered separately. They correspond to the binding en-
ergies BE = 4.4 MeV and, respectively, BE = 1.1 MeV. Also
given are the values of U (N)Ξ , the well depth of Ξ at rest in
symmetric saturated nuclear matter, and the binding energy of
the Ξ-hyperon in the hypernucleus 12Ξ Be. Finally the last col-
umn lists, for comparison, the binding energy of Ξ in the 1s
state of 15Ξ−C obtained when the coupling constant given in the
fifth column is used. If we take into account that the experi-
mental data of 12Ξ Be [68] have been interpreted as compatible
with UΞ(n0) ∼ −14 MeV, our results confirm the conclusion
of Ref. [63], suggesting as the most plausible scenario the
one in which 15Ξ C is produced in an excited state. In regards
to the binding energy of Ξ in 12Ξ Be, the situation is less clear
as the values provided by Refs. [70, 71], in the range 3-5.5
MeV, sit in between the values we obtained for the two sce-
narios. We nevertheless note that three interactions (FSU2R,
TM1 and TM1ωρ) provide, for the second scenario, values
similar to those of Refs. [70, 71].
The binding energy of the Ξ-hyperon in the hypernucleus
15
Ξ−C is plotted in Fig. 1 as a function of the U
(N)
Ξ potential
(top panels) and, respectively, xsΞ (bottom panels). Left (right)
panels correspond to the assumptions according to which Ξ
occupies a 1s (1p) state. The different nucleonic effective in-
teractions presented in Sec. II A are considered. A gray band
identifies the binding energy obtained in the Kiso event [11].
Some conclusions are in order: a) if 15Ξ C is in the ground state,
i.e. Ξ occupies the 1s state, −12.5 <∼U (N)Ξ <∼−8.7 MeV, with
the most attractive values corresponding to the two DD mod-
els and FSU2R; this corresponds to 0.295≤ xsΞ ≤ 0.306; see
Table I, b) if 15Ξ C is in an excited state, i.e. Ξ occupies the 1p
state, U (N)Ξ is more attractive, −18.8 <∼U (N)Ξ <∼ −14.6 MeV;
again, the most attractive values correspond to the two DD
models and FSU2R; the coupling constants have larger val-
ues, 0.31 ≤ xsΞ ≤ 0.32. The relative stability of xsΞ to the
modification of the nucleonic EoS, for each considered sce-
nario, reflects the relatively small dispersion among the con-
sidered EoS, over the subsaturation density domain explored
by a hyperon bound in a nucleus. Note that a similar situation
corresponds, according to [8–10], also to xsΛ and the explica-
tion is the same.
Contrary to what occurs for Λ and Ξ, there is no hypernu-
clear data on which the ΣN interaction can be tuned. As a
consequence we treat gσΣ as a free parameter and vary its val-
5TABLE I: Coupling constant fraction xsΞ = gσΞ/gσN , well depth of
Ξ− at rest in symmetric matter at saturation density (U (N)Ξ ) and, re-
spectively, binding energy of Ξ in 12Ξ1sBe as obtained from the fit of
the binding energy of 15Ξ C. Results corresponding to the hypothesis
according to which 10Λ Be is produced in the ground state or, alterna-
tively, the first excited state are reported in columns 2-4 and, respec-
tively, 5−7. The binding energies of 15Ξ1sC and 15Ξ1pC are BEΞ = 4.4
MeV and BEΞ = 1.1 MeV. For the second hypothesis, also the en-
ergy of 15Ξ1sC is provided, on the last column. Results correspond to
different nucleon effective interactions.
Model 15Ξ1sC (BE=4.4 MeV)
15
Ξ1pC (BE=1.1 MeV)
xsΞ U
(N)
Ξ
12
Ξ1sBe xsΞ U
(N)
Ξ
12
Ξ1sBe
15
Ξ1sC
(MeV) (MeV) (MeV) (MeV) (MeV)
DD2 0.304 -11.10 2.35 0.320 -17.50 6.48 9.02
DDME2 0.306 -12.49 2.38 0.321 -18.78 6.31 8.83
FSU2R 0.296 -11.80 2.51 0.316 -17.51 5.87 8.12
FSU2 0.296 -10.00 2.64 0.311 -15.69 6.15 8.19
FSU2H 0.296 -10.00 2.68 0.310 -15.47 6.47 7.91
TM1 0.295 -9.78 2.59 0.310 -14.93 5.48 7.69
TM1ωρ 0.295 -9.80 2.51 0.310 -14.94 5.34 7.68
TM1-2 0.292 -8.71 2.58 0.309 -14.62 6.62 8.79
TM1-2ωρ 0.292 -8.74 2.59 0.309 -14.63 6.56 8.77
NL3 0.296 -9.88 2.84 0.310 -15.36 7.31 7.93
NL3ωρ 0.296 -9.90 2.73 0.311 -15.39 7.17 7.93
ues such as to explore −10≤U (N)Σ ≤ 40 MeV. We recall that,
according to Ref. [13], U (N)Σ (n0)≈ 30±20 MeV. As assumed
for the couplings between Ξ and ω and ρ mesons and for the
same reasons, gωΣ = 2/3gωN and gρΣ = gρN .
III. PROPERTIES OF HYPERNUCLEAR COMPACT
STARS
In the following we discuss the properties of hypernuclear
compact stars built upon the calibrated EoS discussed in Sec.
II. In particular, we analyze the effect of the different nucleon
effective interactions and U (N)Σ -potential values on the onset
and abundances of hyperons as well as on the maximum mass,
radii, tidal deformability and moment of inertia.
In the following we use unified EoS for neutron star
matter for the 11 parametrizations in this work. We employ
crust models computed consistently with the core [10, 27]
following the approach presented in the first reference. EoS
tables are available as supplemental material to this paper
assuming that the Ξ− hyperon in 15Ξ C of the Kiso event is in
a 1p state, for each of the 11 RMF models and four values of
the UΣ potential: −10,10,30 and 50 MeV.
For a spherical star in hydrostatic equilibrium we determine
the mass-radius relation by solving the Tolman-Oppenheimer-
Volkoff [79, 80] equations. The radius of some NSs has
been determined, most recently by two teams who mod-
eled the pulsed x-ray emission of the millisecond pulsar PSR
J0030+0451 [76, 77]. However uncertainties in the derived
constraints and in the modeling of the source itself are still
large and so far no strong constraint on the radius of NS has
been obtained (see e.g. [81, 82]). However the determina-
tion of the radius of few NSs with a precision of a few per-
cent is expected from the currently operating NICER mission
[83] and also from future x-ray observatories like Athena x-
ray telescope [84] and eXTP [85].
The moments of inertia I and tidal deformabilities Λ are
calculated as following Refs. [86, 87] and Ref. [88], respec-
tively. Some constraints on the deformabilities of the two
NS that composed the binary before they merge during the
GW170817 event have been obtained thanks to the multimes-
senger observations (see Refs. [78, 89] for the latest results),
and many more are expected in the near future from the cur-
rent and future observational runs of the LVC collaborations.
As far as the moment of inertia is concerned, no measurement
has been obtained so far. However it could be measured in a
binary of two radio pulsars, such as PSR J0737-3039. It could
not be achieved for this system so far as the radio beam of one
of the NSs cannot be observed anymore due to precession.
With more observations with current radiotelescopes and fu-
ture ones like the SKA [90], the number of known pulsars is
expected to increase by orders of magnitude, including many
thousands of millisecond pulsars, and among them possibly
binary systems with two pulsars.
Figure 2 gives a general summary of the properties of the
NSs built upon the considered models. Regarding observa-
tional constraints on the maximum mass we note that, thanks
to radio observations of the Shapiro delay, the mass of MSP
J0740+ 6620 has been determined to be 2.14+0.20−0.18M at a 2-
σ level (equivalently 95.4% credibility interval) i.e. 1.96 <
M/M < 2.34 [30]. We consider that the uncertainty in this
measurement is still too large to use this mass as a strong con-
straint. Let us recall indeed that the mass of PSR J1614−2230
inferred from Shapiro delay was initially determined to be
1.97± 0.04M (1−σ level) [18]. After more data were ac-
cumulated this number went down to M = 1.908± 0.016M
(also 1−σ level) which is compatible with the previous re-
ported mass at more than 1 standard deviation. Consequently
in this work we only consider and plot the mass constraints
from PSR J1614− 2230 and J0348 + 0432. We note that
among all the models considered in this paper, DD2, DDME2,
FSU2H, NL3 and NL3ωρ are compatible with the mass con-
straint from these objects. We also show in the M−R plot the
mass and radius constraints at the 1−σ level obtained for PSR
J0030+0451 by two teams analyzing NICER data [76, 77].
The stiffest EoS NL3, which is already ruled out because of
its too large slope of the symmetry energy at saturation, is not
compatible with these measurements, while TM1 and TM1-2
are marginally consistent.
In the middle panel of Fig. 2 we plot for indication the lim-
its imposed on Λ1.4 taken from Ref. [78]. These have been
deduced from the effective Λ˜ obtained within the waveform
model PhenomPNRT at a 90% confidence level. None of
the models we use satisfy this constraint. However, in Ref.
[89] the authors show the dependence of the analysis of the
GW170817 observation on the waveform model, and, in par-
ticular, the TaylorF2 model predicts effective tidal deformabil-
ities larger by∼ 100 . New observations are needed to impose
6stricter constraints.
Figure 3 represents strangeness fractions NS/NB as a func-
tion of the star mass. Baryonic and strangeness numbers en-
tering the definition of the strangeness fraction are defined as
NB = 4pi
∫
dr
ni r2√
1−2m(r)/r , (3)
NS =
4pi
3
∫
dr
qSini r2√
1−2m(r)/r ,
where ni and qSi stand for particle number density and, re-
spectively, strangeness charge of particle i, and m(r) denotes
the gravitational mass corresponding to the radial coordinate
r. The dependence of NS properties and strangeness compo-
sition on the magnitude of the Σ-N interaction potential is il-
lustrated by using different colors and thicknesses, the thinner
the line the more repulsive the potential. It comes out that the
most important role is played by the nucleonic sector. The rea-
son is that nucleons represent the dominant component. Quite
remarkably, also the modifications brought by nucleation of Σ-
hyperons and the associated value of U (N)Σ show strong depen-
dence on the nucleonic EoS. For instance, models with large
values of the slope of the symmetry energy (e.g. TM1, TM1-
2, NL3 and FSU2) show very little sensitivity of geometric,
deformability and chemical composition to the value of U (N)Σ .
At variance with them, models with moderate L values lead to
smaller NS radii and masses, when attractive or less repulsive
ΣN potentials are assumed. From Fig. 3 one may see that the
maximum strangeness fraction reached in NS cores does not
depend on U (N)Σ . The strangeness related quantity which does
depend on U (N)Σ is the density and, implicitly, the NS mass
where strangeness sets in. As is easy to anticipate, attractive
or less repulsive potentials favor early nucleation of Σ.
In Table IV, we have compiled, for each model and each
value of the U (N)Σ potential the information covering several
properties of neutron stars: maximum mass and respective
central baryonic number density, onset density of the three hy-
peronic species and threshold densities of nucleonic and vari-
ous hyperonic dUrca channels. Also given are the NS masses
with central densities equal to these values.
In the following, we discuss these results.
• Some of the considered models, e.g. FSU2R, FSU2,
TM1, TM1ωρ , TM1-2 and TM1-2ωρ , are not able
to reach the 2M lower bound of maximum NS mass,
when hyperons are introduced.
• Irrespective of the nucleonic EoS, the only hyperonic
species that are present are Λ, Σ− and Ξ−. The expla-
nation relies on the attractive character of ΛN- and ΞN
interactions and dominance of negatively charged par-
ticles. Note that other models of hypernuclear compact
stars allow also for Ξ0 [27].
• For most of the NL models studied here only two
species of hyperons nucleate in the core, the Λ and Σ−
hyperons. However for repulsive enough U (N)Σ potential
the Ξ− nucleates either instead of the Σ− for the TM1,
TM1-2 and NL3 models or in addition to it. For DD
models the three hyperons Λ, Σ− and Ξ− appear, the
latter species the last except for all models but one.
• For models with a large L, e.g. TM1, TM1-2, NL3
and FSU2, the nucleonic dUrca is insensitive to the on-
set of hyperons. The reason is that it becomes active
well before the onset of any hyperon species. We re-
call that, the nucleonic dUrca process corresponds to
the neutron β -decay followed by the electron capture
on the proton: n→ p+ e−+ ν¯e and p+ e− → n+ νe,
which operates when the Fermi momenta of involved
baryons and charged lepton verify the triangle inequal-
ity: pF,i + pF, j ≥ pF,k [91]. This latter condition also
applies to the hyperonic dUrca processes [92].
• With the exception of the above cited models, attractive
U (N)Σ potentials modify NS composition such that the
nucleonic dUrca threshold is shifted to lower densities.
• NL and DD models provide different results in regards
to the nucleonic dUrca process. More precisely, DD
models either completely forbid this process or allow
for it at densities beyond the central density of the maxi-
mum mass, which is equivalent with saying that it never
operates. All NL models allow for nucleonic dUrca.
Depending on the value of the symmetry energy it starts
to operate at densities slightly above n0 or several times
n0.
• DD models only allow for hyperonic dUrca [92]. The
allowed processes are Λ→ p+e+ ν˜e, Σ−→Λ+e+ ν˜e
and, for repulsive values of U (N)Σ , also Ξ
− → Λ+ e+
ν˜e (not mentioned in Table IV) For strongly repulsive
U (N)Σ , Λ→ p+ e+ ν˜e sets in much before Σ− → Λ+
e+ ν˜e. For less repulsive U
(N)
Σ the two processes have
close density thresholds and, thus, compete. For U (N)Σ ≥
20 MeV,Ξ−→Λ+e+ ν˜e sets in at densities of the order
of 0.37− 0.46 fm−3, which corresponds to 1.46M ≤
M ≤ 1.66M.
• in NL models with L ∼ 50− 60 MeV the hyperonic
dUrca starts operating before the nucleonic dUrca. Re-
pulsive U (N)Σ values shift Λ→ p+ e+ ν˜e to lower den-
sities.
• UΣ defines the process that first operates: a less repul-
sive potential favors Σ−→Λ+e+ ν˜e, which is 20 times
more efficient than Λ→ p+ e+ ν˜e [92].
• With the exception of NL3ωρ , under the assumption
that U (N)Σ is repulsive, the Λ→ p+e+ ν˜e process starts
operating at n ≈ 2n0, which corresponds to M/M ≈
1.3− 1.4M. The relative stability of this threshold is
attributable to the constraints imposed to nuclear matter
around the n0 and ΛN potential.
7Figures 4 and 5 illustrate the dependence of some quantities
reported in Table IV on the nucleon effective interaction and
U (N)Σ potential. These are the densities at which the three hy-
peronic species nucleate in NS matter and the corresponding
NS masses (Fig. 4) and, respectively, the density and corre-
sponding NS masses where nucleonic dUrca becomes active
(Fig. 5). Figure 4 shows that the onset density of Λs depends
little on U (N)Σ and the nucleonic EoS. The explanation of the
first feature is that, with the exception of attractive U (N)Σ values
and FSU2H, Λ onset before Σ. The explanation of the second
one is that, up to nΛ, the nucleonic EoS is relatively well con-
strained. Despite small dispersion on nΛ, the mimimum NS
mass that accommodates Λs varies over 0.4M. The size of
this interval reflects the integrated variation among the EoS,
especially in the isovector channel, up to nΛ. Nucleation of
Σ depends much on both U (N)Σ and nucleon-nucleon effective
interactions. In terms of density the domain of variation is
≈ 0.5 fm−3 wide, while in terms of NS masses it is ≈ 1.2M.
Nucleation of Ξ, which appear only in some models, is in-
versely correlated with that of Σ−. Even larger uncertainties
affect these latter quantities and the explanation is obviously
due to the increased uncertainties that affect the EoSs as the
density increases. Figure 5 illustrates the already discussed
huge dispersion that concerns the onset density and mass of
the nucleonic dUrca process. The variation of this quantity
with the nucleon-nucleon effective interaction stems from the
isovector channel. The variation with U (N)Σ reflects the way
in which negatively charged particles affect the whole com-
position of matter and, implicitly, the relative abundances of
neutrons, protons and electrons.
Modification of chemical composition is expected to impact
the thermal evolution of isolated and accreting neutron stars.
The extent to which one may constrain the effective interac-
tions from effective surface temperature will be considered in
a future work.
With the aim of understanding how U (N)Σ affects NS chemi-
cal composition and, consequently, the dUrca threshold Fig. 6
illustrates, for the DDME2 parametrization, the individual
central particle number densities ni as a function of the gravi-
tational mass (in units of solar masses) for different values of
U (N)Σ between -10 and 40 MeV. The considered species are:
neutrons, protons, electrons, Λs, Σs and Ξs. Attractive or less
repulsive values of U (N)Σ favor the onset of Σ
− at lower val-
ues of nB. By partially replacing the electrons, which com-
pensate the positive electric charge of protons, Σ−s modify
both neutron and proton densities, as the first two panels con-
firm. Smaller values of nn together with larger values of np
act in the direction of allowing the nucleonic dUrca to operate
at lower densities. Chemical equilibrium with unconserved
strangeness asks that Λ chemical potential is equal with the
neutron one. As a result, nΛ qualitatively follows the evolution
of nn. Quantitatively, the less abundant Λs are less affected
than the more abundant neutrons. Based on similar arguments
one could expect that nΞ− follows nΣ− . The bottom panel of
Fig. 6 shows the opposite; i.e. the more attractive U (N)Σ is the
smaller the amount of Ξ-hyperons. The effect is attributable to
the net neutrality condition, where the role of Ξs is overtaken
by Σs.
The most important consequence of hyperon nucleation in
the NS core is the drastic reduction of the maximum mass.
Other quantities, like NS radius, tidal deformability and mo-
ment of inertia are also affected though to a much lesser ex-
tent, as illustrated in Fig. 2. The question raised is which is
the relation between the strangeness density or fraction and
the magnitude by which different parameters that characterize
hypernuclear stars deviate from those that characterize purely
nucleonic stars. Figure 7 shows, in log-log scale, the rela-
tive deviations which affect the radii (top panels), the tidal
deformabilities (middle panels) and the moments of inertia
(bottom panels) for NSs with masses equal to 1.6M, 1.7M
and 1.8M. The predictions corresponding to different nu-
cleonic models are plotted with different colors, while dif-
ferent symbols signal the different values of U (N)Σ =-10, 10,
30 and 50 MeV. It comes out that each of the three quanti-
ties is strongly correlated with NS/NB. The Pearson correla-
tion factor r, indicated on each panel, is only slightly smaller
than one indicating the strong correlations between the quan-
tities of interest in each panel. Moreover, the relation between
log
(|Fnucl−Fhyp|/Fnucl) and log(NS/NB), where F = R,Λ, I,
is linear. The parameters of the linear fit are mentioned on
each panel. In all cases, the slopes of the lines are slightly
larger than 1.
These correlations can be understood by considering that
all the above quantities F = R,Λ, I depend on R to a given
power n, (n = 1, 5 and 2 for R, Λ and I). Assuming that R gets
modified by δR, δF ∼ nR(n−1)nucl δR. In its turn, δR depends
linearly on δM,
δR =−
(
∂R
∂M
)
Mnucl
δM,
where δM stands for the reduction of NS mass due to the
onset of hyperons, δM = Mnucl −Mhyp. Finally, for small
strangeness fractions, δM ∼ NS/NB.
According to Fig. 7, the modifications entailed by hyperons
on the radius, tidal deformability and moment of inertia of NS
are of the order of 5%, 30% and, respectively, 10% for 1.6 M.
Larger values, of the order of 10%, 60% and, respectively,
15% are obtained for more massive NS.
Finally, Fig. 8 plots the ratio and relative reduction of the
maximum mass of hypernuclear stars with respect to the max-
imum mass of purely nucleonic stars. Possible correlations
can be judged upon by considering the variety of nucleonic
EoS introduced in Sec. II A and a range of U (N)Σ values. The
first conclusion is that the inclusion of strangeness reduces the
maximum mass by ≈ 15%− 20%, out of which 5% comes
from insufficient knowledge on the interaction between Σ-
hyperons and nucleons. This means that, in order to produce
hypernuclear stars with masses >∼ 2M, the nucleonic EoS
should be stiff enough to provide for purely nucleonic stars
maximum masses larger than 2.35−2.5 M. Contrary to what
we have seen in Fig. 7, only a loose correlation exists be-
tween Mhypmax/Mnuclmax and NS/NB and log(1−Mhypmax/Mnuclmax) and
log(NS/NB). This result is easy to understand considering that
8no constraint is imposed on the high density behavior of the
dominant nucleonic component, as no data exist so far in that
region. As a consequence, properties of stars with quite dif-
ferent masses are being compared.
IV. CONCLUSIONS
Starting from a set of nucleonic RMF models that explore
widely different behaviors in the isoscalar and isovector chan-
nels and predict NS maximum masses in excess to the astro-
physical 2M constraint, we have studied the effect of includ-
ing hyperons on the properties of NS. With the aim of con-
straining as much as possible the hyperon-nucleon interaction,
we employ σY coupling constants calibrated on experimental
data on hypernuclei. The method relies on comparison be-
tween the values of the binding energy of nuclei with a vari-
able number of nucleons and one or more hyperons, as ob-
tained by solving the Dirac equation, with corresponding ex-
perimental data. More precisely, we employ the gσΛ values
determined in Refs. [8–10], based on a vast collection of data
of single-Λ hypernuclei, and further determine gσΞ from the
binding energy of Ξ− in the hypernucleus 15Ξ C [68]. Experi-
mental uncertainties related to the final state of the daughter
nucleus 10Λ Be are accounted for by considering the possibility
that Ξ− occupies the 1s or, alternatively, the 1p state of 14N,
as previously done in Ref. [63]. Uncertainties related to the
ΣN interaction are dealt with by allowing the U (N)Σ potential
to span a wide domain.
For all considered models and U (N)Σ potentials, we have in-
vestigated NS geometric, deformability and chemical proper-
ties. Special attention was devoted to the density at which var-
ious hyperonic species nucleate and their sensitivity to the nu-
cleonic EoS and ΣN interaction. Dependence on these ingre-
dients of the nucleonic and hyperonic dUrca thresholds was
discussed as well. In regards to Σ− we noticed that a) in most
NL models only two hyperon species are present: the Λ and
Σ−. For the DD models the Ξ− also appears. b) The value of
the U (N)Σ determines the hyperonic dUrca process that opens
up first, with a less (more) repulsive potential favoring the
more (less) efficient ΣΛ (Λp) process [92]; (c) for repulsive
values of U (N)Σ potential, as customarily assumed in the litera-
ture, the Λp dUrca process starts operating at n≈ 2n0, which
corresponds to M/M ≈ 1.3−1.4M. We have obtained very
strong linear correlations between the strangeness fraction in
NS core and the relative deviation of the radius, tidal deforma-
bility and moment of inertia of hypernuclear compact stars
from values characterizing purely nucleonic stars. Quantita-
tively speaking, for NS with masses in excess of 1.6M hy-
peronic degrees of freedom are responsible for a reduction of
radii, tidal deformabilities and moments of inertia of the or-
der of ∼ 10%, 60% and, respectively, 15%. In regards to the
maximum mass, the decrease is of 15% to 20%, with a non-
negligible role played by U (N)Σ .
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9TABLE II: Properties of NS built upon various relativistic density functional models, assuming different values of U (N)Σ and xsΞ. Mmax and
nc refer to the maximum NS mass and the corresponding central baryonic number density. The next columns list the hyperonic species that
nucleate, the onset density and the associated NS mass with the same central baryonic density. The following columns list the densities and
mass thresholds above which the nucleonic and some hyperonic dUrca processes operate. Below the name of each model we indicate between
parentheses the maximum mass obtained for a purely nucleonic EoS in solar mass units. Particle number densities are expressed in fm−3. NS
masses are expressed in M. np, Λp, Σ−Λ and Σ−n are abbreviations for the dUrca processes that involve the specified baryons.
Y species np Λp Σ−Λ Σ−n
Model U (N)Σ xsΞ Mmax nc nY MY nY MY nY MY nDU MDU nDU MDU nDU MDU nDU MDU
(MeV) (M) (fm−3) (fm−3) (M) (fm−3) (M) (fm−3) (M) (fm−3) (M) (fm−3) (M) (fm−3) (M) (fm−3) (M)
DD2 -10 0.304 1.99 1.053 Σ− 0.295 1.00 Λ 0.379 1.35 Ξ− 0.959 1.98 0.395 1.40 0.383 1.36
(2.42) 0.320 1.99 1.050 Σ− 0.295 1.00 Λ 0.379 1.35 Ξ− 0.819 1.95 0.395 1.40 0.383 1.36
10 0.304 2.00 1.019 Σ− 0.325 1.21 Λ 0.345 1.31 Ξ− 0.662 1.89 0.346 1.31 0.347 1.32
0.320 2.00 1.019 Σ− 0.325 1.21 Λ 0.345 1.31 Ξ− 0.532 1.76 0.346 1.31 0.347 1.32
30 0.304 2.01 0.996 Λ 0.337 1.29 Σ− 0.374 1.45 Ξ− 0.430 1.61 0.337 1.29 0.374 1.45
0.320 2.00 1.000 Λ 0.337 1.29 Σ− 0.374 1.45 Ξ− 0.375 1.46 0.337 1.29 0.374 1.45
DDME2 -10 0.306 2.06 0.985 Σ− 0.299 1.08 Λ 0.378 1.45 Ξ− 0.901 2.06 0.393 1.50 0.382 1.46
(2.48) 0.321 2.06 0.981 Σ− 0.299 1.08 Λ 0.378 1.45 Ξ− 0.771 2.03 0.393 1.50 0.382 1.46
10 0.306 2.07 0.952 Σ− 0.328 1.30 Λ 0.346 1.40 Ξ− 0.601 1.95 0.346 1.40 0.349 1.41
0.321 2.07 0.952 Σ− 0.328 1.30 Λ 0.346 1.40 Ξ− 0.493 1.81 0.346 1.40 0.349 1.41
30 0.306 2.08 0.931 Λ 0.340 1.39 Σ− 0.379 1.57 Ξ− 0.405 1.65 0.340 1.39 0.379 1.57
0.321 2.08 0.935 Λ 0.340 1.39 Ξ− 0.372 1.54 Σ− 0.386 1.59 0.340 1.39 0.386 1.59
FSU2R -10 0.296 1.69 1.088 Σ− 0.318 1.07 Λ 0.402 1.32 0.457 1.42 0.412 1.34 0.402 1.32 0.732 1.64
(2.05) 0.316 1.69 1.088 Σ− 0.318 1.07 Λ 0.402 1.32 0.457 1.42 0.412 1.34 0.402 1.32 0.732 1.64
10 0.296 1.72 1.028 Σ− 0.356 1.26 Λ 0.361 1.28 0.519 1.55 0.361 1.28 0.371 1.31
0.316 1.72 1.028 Σ− 0.356 1.26 Λ 0.361 1.28 0.519 1.55 0.361 1.28 0.371 1.31
30 0.296 1.74 1.002 Λ 0.361 1.29 Σ− 0.449 1.49 0.588 1.64 0.361 1.29 0.449 1.49
0.316 1.74 1.002 Λ 0.361 1.29 Σ− 0.449 1.49 0.588 1.64 0.361 1.29 0.449 1.49
FSU2 -10 0.296 1.69 1.026 Λ 0.321 1.27 Σ− 0.334 1.31 0.216 0.77 0.321 1.27 0.348 1.34 0.539 1.58
(2.07) 0.311 1.69 1.026 Λ 0.321 1.27 Σ− 0.334 1.31 0.216 0.77 0.321 1.27 0.348 1.34 0.539 1.58
10 0.296 1.71 1.004 Λ 0.321 1.27 Σ− 0.491 1.55 0.216 0.77 0.321 1.27 0.544 1.60 0.865 1.70
0.311 1.71 1.004 Λ 0.321 1.27 Σ− 0.491 1.55 0.216 0.77 0.321 1.27 0.544 1.60 0.865 1.70
30 0.296 1.71 1.011 Λ 0.321 1.27 Σ− 0.835 1.70 0.216 0.77 0.321 1.27
0.311 1.71 1.011 Λ 0.321 1.27 Σ− 0.835 1.70 0.216 0.77 0.321 1.27
FSU2H -10 0.296 1.95 0.876 Σ− 0.299 1.16 Λ 0.357 1.42 0.425 1.61 0.365 1.45 0.357 1.42 0.627 1.87
(2.38) 0.310 1.95 0.876 Σ− 0.299 1.16 Λ 0.357 1.42 0.425 1.61 0.365 1.45 0.357 1.42 0.627 1.87
10 0.296 1.98 0.919 Λ 0.333 1.42 Σ− 0.333 1.41 0.479 1.76 0.333 1.41 0.341 1.45
0.310 1.98 0.919 Λ 0.333 1.42 Σ− 0.333 1.41 0.479 1.76 0.333 1.41 0.341 1.45
30 0.296 1.99 0.900 Λ 0.332 1.41 Σ− 0.428 1.71 0.536 1.86 0.332 1.41 0.446 1.74
0.310 1.99 0.900 Λ 0.332 1.41 Σ− 0.428 1.71 Ξ− 0.4939 1.81 0.534 1.86 0.332 1.41 0.446 1.74
TM1 -10 0.295 1.79 0.912 Λ 0.317 1.38 Σ− 0.354 1.49 0.211 0.82 0.317 1.38 0.357 1.49 0.553 1.71
(2.18) 0.310 1.79 0.912 Λ 0.317 1.38 Σ− 0.354 1.49 0.211 0.82 0.317 1.38 0.357 1.49 0.553 1.71
10 0.295 1.81 0.904 Λ 0.317 1.38 Σ− 0.563 1.73 0.211 0.82 0.317 1.38 0.882 1.80
0.310 1.81 0.904 Λ 0.317 1.38 Σ− 0.563 1.73 0.211 0.82 0.317 1.38 0.882 1.80
30 0.295 1.81 0.910 Λ 0.317 1.38 Ξ− 0.889 1.81 0.211 0.82 0.317 1.38
0.310 1.81 0.910 Λ 0.317 1.38 Ξ− 0.693 1.78 0.211 0.82 0.317 1.38
TM1ωρ -10 0.295 1.78 0.985 Σ− 0.327 1.24 Λ 0.382 1.41 0.447 1.54 0.389 1.43 0.382 1.41 0.699 1.74
(2.12) 0.310 1.78 0.985 Σ− 0.327 1.24 Λ 0.382 1.41 0.447 1.54 0.389 1.43 0.382 1.41 0.699 1.74
10 0.295 1.81 0.935 Λ 0.359 1.40 Σ− 0.374 1.45 0.520 1.67 0.359 1.40 0.379 1.46
0.310 1.81 0.935 Λ 0.359 1.40 Σ− 0.374 1.45 0.520 1.67 0.359 1.40 0.379 1.46
30 0.295 1.82 0.918 Λ 0.359 1.40 Σ− 0.516 1.69 Ξ− 0.698 1.80 0.607 1.76 0.359 1.40
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FIG. 1: Binding energy of 15Ξ−C as a function of U
(N)
Ξ (top panels) and xsΞ (bottom panels), under the assumptions that Ξ
− occupies a 1s state
(left panels) or, alternatively, a 1p state (left panels). Note that the scales are not the same in the different panels. Gray band: experimental
binding energy of the Kiso event.
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FIG. 2: Mass-radius diagrams (top panels) and tidal deformabilities
(second middle panels) and moments of inertia (third bottom panels)
as a function of the star mass expressed in units of solar masses, for
hypernuclear stars with calibrated Λ and Ξ interactions. The differ-
ent nucleonic effective interactions discussed in Sec. II A are consid-
ered. Predictions corresponding to different values of U (N)Σ are plot-
ted with different colors: -10 (gold), 10 (blue), 30 (red) and 50 MeV
(green) and line thicknesses: the thiner the line the more repulsive
the potential. Predictions corresponding to purely nucleonic stars are
illustrated by dotted curves. The horizontal bands on M− R dia-
grams correspond to the mass measurements of PSR J1614− 2230
and J0348 + 0432 with a 1-σ uncertainty. The colored rectangles
correspond to the mass and radius constraints at the 1−σ level ob-
tained for PSR J0030+0451 by two teams analyzing NICER x-ray
data [76, 77]. For indication, the red vertical bars on Λ−M corre-
spond to limits obtained on the tidal deformability of a 1.4M NS,
70 < Λ1.4 < 580, as derived from the observation of GW170817 by
the LVC collaboration [78], using the waveform model PhenomP-
NRT.
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FIG. 4: U (N)Σ dependence of the onset density (right panel) and cor-
responding NS mass with this central density (left panel) of the hy-
peronic species that nucleate in NS cores. The same models as in
Fig. 1 are considered. The horizontal gray strips on the left panel
correspond to the mass measurements of PSR J1614− 2230 and
J0348+0432 with a 1-σ uncertainty.
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FIG. 6: For the DDME2 model, from top to bottom, partial densities
of neutrons, protons, Λs, Σs and Ξs in the center of the star as a func-
tion of the gravitational mass in units of solar masses. The different
curves correspond to different values of the U (N)Σ , as mentioned in
the key legend (in MeV). Also plotted in the second panel are the
electron densities.
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FIG. 7: Correlations between relative deviations of quantities that
characterize hypernuclear stars from those that characterize purely
nucleonic stars, and the strangeness fraction. Considered are: the
radius (top panels), the tidal deformability (middle panels) and the
moment of inertia (bottom panels). The results correspond to vari-
ous nucleonic EoS and U (N)Σ values, as mentioned in the key legend.
Results are for 1.6M, 1.7M and 1.8M. The correlation coeffi-
cient r and the parameters of the linear fit are mentioned on each
panel.
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FIG. 8: Correlations between the strangeness fraction and the ratio
(left panel) and, respectively, relative deviation (right panel) between
maximum mass of hypernuclear stars and maximum mass of purely
nucleonic stars. The same nucleonic EoS and values of U (N)Σ as in
Fig. 7 are considered. The correlation coefficients r and the linear fit
parameters are mentioned on each panel.
